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Sensory and endoneurocrine tissues as diverse as the lens, the olfactory epithelium, the inner ear,
the cranial sensory ganglia, and the anterior pituitary arise from a common pool of progenitors in the
preplacodal ectoderm (PPE). Around late gastrulation, the PPE forms at the border surrounding the
anterior neural plate, and expresses a unique set of evolutionarily conserved transcription regulators
including Six1, Eya 1 and Eya2. Here, we describe the ﬁrst report to generate and characterize the SIX1+
PPE cells from human embryonic stem (ES) cells by adherent differentiation. Before forming PPE cells,
differentiating cultures ﬁrst expressed the non-neural ectoderm speciﬁc transcriptional factors TFAP2A,
GATA2, GATA3, DLX3, and DLX5, which are crucial in establishing the PPE competence. We demonstrated
that bone morphogenetic protein (BMP) activity plays a transient but essential role in inducing
expression of these PPE competence factors and eventually the PPE cells. Interestingly, we found that
attenuating BMP signaling after establishing the competence state induces anterior placode precursors.
By manipulating BMP and hedgehog signaling pathways, we further differentiate these precursors into
restricted lineages including the lens placode and the oral ectoderm (pituitary precursor) cells. Finally,
we also show that sensory neurons can be generated from human PPE cells, demonstrating the
multipotency of the human ES-derived PPE cells.
& 2013 Elsevier Inc. All rights reserved.Introduction
The preplacodal ectoderm (PPE) together with the neural
ectoderm, the epidermis and the neural crest constitute the
earliest ectoderm lineages. The PPE harbors precursors for mature
sensory and neuroendocrine tissues within the vertebrate head,
including the lens, the olfactory epithelium, the anterior pituitary,
the paired cranial ganglia, and the inner ear epithelium (Baker and
Bronner-Fraser, 2001; Schlosser, 2006). Embryological experi-
ments suggest that the cranial placode precursors or the PPE cells
are derived from the anterior neural plate border (Bhattacharyya
et al., 2004; Couly and Le Douarin, 1985; Kozlowski et al., 1997;
Pieper et al., 2012; Streit, 2002; Whitlock and Westerﬁeld, 2000;
Xu et al., 2008). PPE cells can be identiﬁed by expression of the
evolutionarily conserved transcription regulators such as Six1,
Eya1, and Eya2 (Bessarab et al., 2004; Chen et al., 2009; David
et al., 2001; Pandur and Moody, 2000; Sahly et al., 1999; Sato et al.,
2010). In vivo studies in animal models have demonstrated thatll rights reserved.the transcription factors Tfap2a, Gata2, Gata3, Dlx3, and Dlx5 are
expressed in the prospective PPE and they form a genetic network
to impart PPE competence to the non-neural ectoderm (Bhat et al.,
2013; Esterberg and Fritz, 2009; Kwon et al., 2010; McLarren et al.,
2003; Pieper et al., 2012; Woda et al., 2003). Genetic studies have
demonstrated that these PPE competence factors are both neces-
sary and sufﬁcient for PPE speciﬁcation in a cell autonomous
fashion (Kwon et al., 2010; Pieper et al., 2012). As development
proceeds, the deﬁnitive PPE cells express Six1 and Eya1/2, which
work synergistically to suppress neural/neural crest fates, promote
preplacodal identity, and regulate subsequent differentiation
of the cranial placodes (Brugmann et al., 2004; Christophorou
et al., 2009; Grocott et al., 2012; Ikeda et al., 2002; Li et al., 2003;
Schlosser et al., 2008).
It has been shown that an intermediate level of BMP activity is
required for speciﬁcation of neural plate border including PPE cells
in frog and zebraﬁsh embryos (Glavic et al., 2004; Nguyen et al.,
1998; Tribulo et al., 2003). Furthermore, it has been demonstrated
that BMP signal is required for PPE speciﬁcation by initiating the
expression of the PPE competence factors (Kwon et al., 2010;
Nguyen et al., 1998; Pieper et al., 2012). Interestingly, other studies
have shown that BMP signaling has to be blocked to allow
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Brugmann et al., 2004; Kwon et al., 2010; Litsiou et al., 2005).
These ﬁndings suggest that there are distinct requirements of
BMPs during the development of PPE cells.
Human ES cells are pluripotent cell types and possess devel-
opmental potentials to differentiate into various cell lineages in
the body (Amit et al., 2000; Thomson et al., 1998). BMP signaling is
capable of inducing formation of diverse early cell types from
human ES cells (Pera et al., 2004; Teo et al., 2012; Xu et al., 2002;
Yu et al., 2011; Zhang et al., 2008). In agreement with the in vivo
function of BMP in ectodermal differentiation, activating and
blocking BMP activity respectively promotes epidermal and neural
differentiation in human ES cultures (Chambers et al., 2009;
Metallo et al., 2008). There are reports describing culture protocols
for human ES cells to generate placode cell types such as lens ﬁber
cells (Yang et al., 2010), sensory hair cells (Chen et al., 2012), and
ganglion neurons (Chen et al., 2012; Shi et al., 2007). To our
knowledge, characterization of the formation of PPE cells from
human ES cells has not been previously reported. Generation of
multipotent PPE cells would be of importance for generation of
sensory cells and studies of the signaling cues that control their
generation and differentiation.
In this study, we aim to determine the condition to generate
PPE-like cells and their derivatives from human ES cells. Using
SIX1 and other embryonic PPE markers, we attempted to identify
PPE-like cells in differentiating human ES cell cultures using
adherent cultures with serum free media, which are known to
allow generation of non-neural or neural plate border cell types
with particular culture parameters (Chambers et al., 2009; Ying
et al., 2003). We also investigated the signaling requirements,
particularly that of BMP, for PPE formation and differentiation. To
study the developmental potential of these PPE cells, we tested a
number of differentiation conditions to promote generation of
differentiating placode cell types and tissues including lens cells,
trigeminal precursors, early anterior pituitary cells, and placode-
speciﬁc sensory neurons.Materials and methods
Human ES cell culture
H9 human ES cell cultures were maintained as originally
described (Thomson et al., 1998). Brieﬂy, human ES cells were
cultured on mouse embryonic ﬁbroblasts and maintained in Dulbec-
co's modiﬁed eagle medium/F12 medium supplemented with 20%
KnockOut™ serum replacement, 1  non-essential amino acid, 1 
Glutamax™, β-mercaptoethanol (100 mM) and 8 ng/ml basic FGF.
Human ES cells were passaged mechanically every 5–7 days onto
mouse embryonic ﬁbroblast feeders or matrigel-coated surfaces. All
chemicals and medium components were purchased from Life
Technologies unless otherwise stated. Human ES cell experiments
were approved by the Embryonic Stem Cell Research Oversight
Committees of the University of Connecticut.
Preplacodal ectoderm, neural and epidermal differentiation
Human ES cells cultured on matrigel (Xu et al., 2001) were
dissociated into single cells with Accutase (Innovative Cell Tech-
nologies, Inc.), resuspended in mouse embryonic ﬁbroblast-
conditioned medium containing 8 ng/ml basis FGF and 10 mM
Rho kinase inhibitor, Y27632 (Calbiochem, Inc. or Tocris) at the
desired cell density, and were seeded onto matrigel-coated sur-
faces. Y27632 was removed from conditioned medium 24 hours
after passage. Differentiation was started at 48 h (2-day) or 72 h
(3-day) post-seeding (designated as day 0) by changing to serum-free (SF) media containing 1% (v/v) N2 supplement, 2% (v/v) B27
supplement, 1  non-essential amino acid, 1  Glutamax, 100 mM
β-mercaptoethanol in Dulbecco's modiﬁed eagle medium/F12 (Yao
et al., 2006). Medium was changed daily for the ﬁrst 6 days and
every other day thereafter.
BMP4 (20–150 ng/ml, R&D systems), Noggin (300 or 500 ng/ml,
R&D systems), BIO (0.05–2 mM, Calbiochem Inc.), dorsomorphin
(2 mM, Stemgent), LDN193189 (100 nM, Stemgent), cyclopamine
(1 mM, Calbiochem), purmorphamine (2 mM, Stemgent), and reti-
noic acid (100–300 ng/ml, Sigma) were tested at the range stated
and the effective concentrations were indicated in the text.
For neural differentiation, 300 ng/ml NOGGIN plus 10 mM
SB431542 were added into SF medium for 7 days (Chambers
et al., 2009). For epidermal differentiation, 100–300 ng/ml retinoic
acid and/or 20 ng/ml BMP4 proteins were added into SF medium
for 7 days (Metallo et al., 2008). For oral ectoderm induction,
LDN193189 (100 nM) and purmorphamine (2 mM) were added
from differentiation day 6 to day 13.
Differentiation of lens and corneal epithelial cells
Fresh whole bovine eyes obtained from local slaughterhouse
were collected and dissected on ice with procedures as previously
described (Schulz et al., 1993). Vitreous was mixed with M199
medium (Gibco) (1:1 ratio) plus antibiotic for cultures of human ES
cell-derived lens placode cells for 7–14 days. Lens primordia were
lifted up using forceps or 30 G needles and cultured in the same
medium for another 3–5 days.
Differentiation of peripheral sensory neurons
SF-derived monolayer culture at day 7–10 was brieﬂy digested
with Accutase at room temperature and triturated into small
tissue pieces with diameters around 50–100 mm. Cell clumps were
then transferred to medium composed of SF supplemented with
10 ng/ml basis FGF, 50 ng/ml insulin growth factor-1 (IGF1, Sigma),
10 mM Y27632, cAMP, and 5 mg/ml heparan sulfate. Tissue clumps
were cultured in suspension with medium changed every other
day. Spheres were seeded on matrigel at day 5 and cultured in the
SF medium containing 10 ng/ml FGF2, 20 ng/ml NT3 (Peprotech),
20 ng/ml BDNF (Peprotech) and 100 ng/ml FGF1 (Peprotech) for 5–
14 days.
Immunocytochemistry
For immunocytochemistry, cells were ﬁxed in 4% paraformal-
dehyde with/or without 10% fetal bovine serum. Fixed cells were
then permeabilized in phosphate-buffered saline containing
0.1–0.4% Triton X-100. Primary antibodies used in this study were
mouse anti-TFAP2A (5E4 and 3B5), mouse anti-PAX3, mouse anti-
PAX6, mouse anti-PAX7, rat anti-cytokeratin 8 (TROMA-I) from
Developmental Studies Hybridoma Bank, Iowa, USA; goat anti-
DLX5, mouse anti-GATA3 and mouse anti-OCT3/4 (Santa Cruz
biotechnology), rat anti-E-cadherin (Zymed), rabbit anti-NANOG
(BD Biosciences) and rabbit anti-SIX1 (Sigma). Alexa Fluors
secondary antibodies (Invitrogen) were used. Nuclei were counter-
stained with Hoechst-33342 (Invitrogen). Slides were mounted
with Fluromount-G (SouthernBiotech). Images were taken using a
Zeiss Image M1 microscope.
Reverse transcription and polymerase chain reaction
Total RNAs were extracted using TRIZOL reagent (Invitrogen) and
ﬁrst strand cDNAs were generated using a mixture of oligo-dT and
random hexamer primers and Superscripts Reverse Transcriptase
II (Invitrogen) according to manufacturer's instructions. Primer
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from Ensemble database (http://useast.ensembl.org/index.html)
using the Primer3 software (http://frodo.wi.mit.edu/primer3/). For
semi-quantitative PCR, ampliﬁed products were separated on 1–1.5%
agarose gels stained with ethidium bromide. Quantitative (q)PCR was
performed using MESA green qPCR master mix with ROX reference
(Eurogentec) in an ABI7900 HT machine or StepOne™ Real-Time PCR
system (Life Technologies). Approximately 1.25 ng/ml cDNAs were
used for each qPCR reaction. Primer concentration used was 160 nM.
Melting curves were performed to check for absence of non-speciﬁc
PCR products. Different housekeeping genes (e.g. ACTB, AASDH and
CPNE2) were tested in qPCR and ACTB was selected as the control
based on its stable expression level across different treatment
conditions and GAPDH was used as internal control for semi-
quantitative RT-PCR. Primer sequences are available upon request.
Statistics
Results were expressed as means7standard errors. Each dataset
was generated from at least three independent experiments. For cell
counting, the number of cell counts in 8–10 random ﬁelds was
determined by Nucleus Counter plug-in for ImageJ using the following
setting: particle sizes ranged from 25 to 700 arbitrary units, threshold
set with Otsu method, background subtracted and watershed ﬁltered.
Double-labeled cells were counted with at least 100 cells/nuclei for
each image, and a total of 800–1200 cells were counted for each
marker. In experiments with two conditions, Student's t-tests were
carried out using Microsoft excel. For multiple time points/conditions,
statistics were inferred using the ezANOVA software by carrying out
ANOVA tests followed by Tukey pairwise comparisons.
Tissue preparation and sectioning
Embryonic day 10.5 embryos (day 0 designated as 12 am on the
day of plug) or putative lentoid were ﬁxed in 4% paraformaldehyde
solution. Tissues were embedded in the freezing reagent Optical
Cutting Temperature (OCT) Compound (Tissue-Teks, manufactured
by Sakura Finetek, U.S.A.). Frozen sections were prepared at 8 mm in
thickness using the Research Cryostat (CM3050 S, LEICA, Microsys-
tems Inc.) and mounted on precleaned Fisherbrands Colorfrosts
plus microscope slides. All animal procedures were approved by the
Animal Care Committee, University of Connecticut Health Center.Results
Generation of PPE cells by adherent differentiation of human ES cells
Previous studies demonstrated that adherent cultures allow
efﬁcient generation of neural ectoderm and neural crest precursors
from human ES cells (Chambers et al., 2009; Menendez et al., 2011).
By manipulating the basic adherent culture parameters and remov-
ing neural inducing molecules Noggin (NOG) and SB431542 from the
neural differentiation medium, we examined if adherent cultures of
human ES cells would allow generation of non-neural ectoderm cells
such as PPE cells. Undifferentiated human ES cells were dissociated
into single cells with Accutase and cultured on matrigel-coated
surfaces in human ES cell medium containing the ROCK inhibitor
Y27632 (Bajpai et al., 2008). After 48 h (2 days) or 72 h (3 days),
human ES cell medium was replaced with various differentiation
media. Using a serum-free medium (SF)(see Materials and methods),
we observed signiﬁcant induction of PPE marker gene SIX1 by one
week of differentiation (Fig. 1A). Remarkably, SIX1 transcription was
only detected in SF cultures, but not under conditions for neural or
epidermal differentiation as described previously (Chambers et al.,
2009; Metallo et al., 2008) (Fig. 1A). Conversely, the neural precursormarker HES5 (Chambers et al., 2009) was detected in neural
differentiation condition but not the SF or epidermal differentiation
conditions (Fig. 1A). DeltaNp63, a speciﬁc TP63 isoform that marks the
ES cell-derived epidermal precursors (Metallo et al., 2008), was
moderately induced in SF and strongly expressed in epidermal
cultures (Fig. 1A). ECAD (E-cadherin), normally expressed in the
human ES cells and the non-neural ectoderm (Choi and Gumbiner,
1989; Nose and Takeichi, 1986; Weston et al., 2004), was maintained
in day-8 SF and epidermal but not in the neural differentiation
cultures (Fig. 1A). OCT4, a pluripotency marker, was dramatically
down-regulated in SF and was not found in neural and epidermal
cultures (Fig. 1A). In mouse embryos, Six1 is also expressed in
mesodermal tissues, such as the head mesenchyme, the cardiac,
and the somatic mesoderm (Ghanbari et al., 2001; Sato et al., 2010).
To rule out that SIX1 expression might be derived from mesodermal
cells in our cultures, we examined BRACHYURY (T), an early pan-
mesoderm marker. No T transcripts were detected by RT-PCR (data
not shown), indicating that mesoderm differentiation was sup-
pressed in human ES cells cultured in the SF medium. These ﬁndings
suggest that adherent differentiation in the SF medium promotes
formation of epidermal precursors and PPE cells from human
ES cells.
In agreement with the assessment of PPE induction by RT-PCR
analyses, immunocytochemistry revealed that after 8 day culture
in SF medium, human ES cells produced high percentage of cells
expressing TFAP2A and GATA3 (92.6%71.3% and 76.3%74.3%,
respectively; Fig. 1B–D), which are markers for the non-neural
ectoderm (Li and Cornell, 2007; Luo et al., 2002; Neave et al., 1995;
Sheng and Stern, 1999). In the day 8 cultures, the majority of the
SIX1+ cells co-expressed TFAP2A, GATA3, and ECAD (Fig. 1C,E).
Cytokeratin 8 (CK8) is expressed in placodal ectoderm (see below)
and non-neural ectoderm derived epithelium (Page, 1989). CK8
expression is also present in pluripotent human ES cells but down-
regulated at the onset of neural differentiation (Maurer et al.,
2008). In human ES cells cultured in the SF medium at day 8, SIX1+
cells co-expressed CK8 (Fig. 1F). Culturing human ES cells in neural
induction medium abolished the induction of SIX1+ cells and
greatly reduced the expression of CK8 (Fig. 1F, G). Altogether, our
results strongly suggest that PPE cells can be generated from
human ES cells under this adherent culture condition.
Cell density at the onset of differentiation is important for the optimal
generation of PPE cells
Previous studies suggest that cell density signiﬁcantly affects
differentiation outcomes of ES cells (Chambers et al., 2009). We thus
sought to examine how cell density at the onset of differentiation
might affect the generation of PPE cells in adherent cultures by varying
the initial seeding density and the length of the pre-differentiation
period (Fig. 2A). At the lowest seeding density tested (1.0104 cells/
cm2) and a pre-differentiation period of 2 days, although the majority
of differentiating cells expressed TFAP2A at day 8, less than 20% of
them expressed SIX1 (18.174.7%; Fig. 2B). Increasing the density to
2.3 or 3.4104 cells/cm2 signiﬁcantly promoted the percentage of
SIX1+ cells to 59.975.2% and 70.172.2% of the total cell populations
respectively (Fig. 2B). As expected, extending the pre-differentiation
period to 3 days also resulted in increased percentages of SIX1+ cells in
cultures with low seeding density of 1.0 or 1.5104 cells/cm2
compared with those with 2-day pre-differentiation (Fig. 2B). Impor-
tantly, the majority of SIX1+ cells were positive for TFAP2A, validating
the PPE identity of these SIX1+ cells.
Interestingly, some ECAD-negative (ECAD–) areas started to
appear in cultures with high seeding density (2.3 or 3.4104 cells/
cm2) and 3-day pre-differentiation (Fig. 2C). In these ECAD– areas, the
expression of TFAP2A and SIX1 was greatly reduced or absent
(Fig. 2D and data not shown). Interestingly, the neural crest marker
Fig. 2. Cell density affects the differentiation of distinct ectodermal linages in adherent human ES cell culture. (A) Schematic diagram for generating placodal ectoderm cells
from human ES cells, and the change of ectodermal differentiation in relation to the increase of cell density. (B) Histogram presentation of the percentage of SIX1+ cells on
differentiation day 8 cultures started with different seeding density or different pre-differentiation periods as indicated in (A). Asterisks indicate signiﬁcant differences
(po0.05, ANOVA test). (C and D) Immunoﬂuorescence of day-8 cultures with 3.4104 cells/cm2 seeding density and 3-day pre-differentiation. Antibodies are indicated on
the top. Asterisks indicate cells lacking ECAD, SIX1, and TFAP2A; dashed lines demarcate area containing PAX7+ cells. (E) Semi-quantitative RT-PCR of day-8 cultures with the
indicated seeding densities and a 3-day pre-differentiation period.
Fig. 1. Derivation of preplacodal and non-neural ectoderm from human ES cells. (A) Semi-quantitative RT-PCR of undifferentiated human ES cells (ES) and differentiation day
7 cultures under SF, neural (NSB) and epidermal (Epi) differentiation conditions. (B) Histogram presentation of the percentage of TFAP2A+ and GATA3+ cells in human ES cells
cultured in the SF medium at day 8. Error bars are standard errors. (C-G) Immunoﬂuorescence analyses of adherent human ES cells cultured in the SF medium (C-F) and
neural differentiation medium (NSB)(G) on day 8 with the antibodies indicated. Arrows indicate cells negative for both SIX1 and TFAP2A; arrowheads show SIX1–/TFAP2A+
and SIX1+/GATA3– cells.
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Fig. 3. Development of the PPE competence and deﬁnitive PPE identity during human ES cell differentiation. (A) Semi-quantitative PCR of human ES cells cultured under SF
condition at day (D) 0, 3, 5, and 8. (B and C) Histogram of relative expression of PPE competence and deﬁnitive PPE transcripts using qPCR. Expression data were presented in
log scales with three independent biological replicates. Asterisks indicate signiﬁcant differences (po0.05, ANOVA test) from that of day 0 cultures. Note that DACH1
expression was signiﬁcantly down-regulated from day 0 to day 3 before increasing until day 8. (D-G) Immunoﬂuorescence analyses on day (D) 0, 3, and 5 with the indicated
antibodies. Note the progressive decrease of OCT4 and increase of TFAP2A, GATA3 and DLX5 signals (green) from day 0 to day 5.
A.W. Leung et al. / Developmental Biology 379 (2013) 208–220212PAX7 was speciﬁcally detected within and along the outer periphery
of these ECAD– areas (Fig. 2C). These observations suggest that
increasing the density with 3-day pre-differentiation may predispose
the generation of neural crest cells or other neural lineages. Indeed,
as the seeding density was changed from 1.0 to 3.4104 cells/cm2,
the expression level of neural and neural crest markers HES5 and
SOX10 (Betters et al., 2010; Curchoe et al., 2010) steadily increased,
whereas the expression of non-neural ectoderm marker ΔNP63
gradually decreased (Fig. 2E). Collectively, these results show that
the cell density of human ES cells at the onset of differentiation alters
the cellular differentiation of different ectodermal lineages. Although
moderately high seeding density (41.5104 cells/cm2) is important
for the generation of PPE cells from human ES cells, exceedingly high
seeding density (42.2104 cells/cm2) together with a prolonged
pre-differentiation period promotes production of neural and neural
crest cells. For the rest of the study, we used an intermediate seeding
density (1.7–2.0104 cells/cm2) with a 3-day pre-differentiation to
reliably produce about 70% of SIX1+ cells in the cultures.
Formation of a competent non-neural ectoderm state precedes the
appearance of PPE identity in differentiating human ES cell cultures
In vivo studies in animal models have shown that Tfap2a,
Gata2, Gata3, Dlx3, and Dlx5 are broadly expressed in thenon-neural ectoderm including the prospective PPE, and they act
in concert to impart PPE competence to the non-neural ectoderm
(Esterberg and Fritz, 2009; Kwon et al., 2010; McLarren et al.,
2003; Pieper et al., 2012; Woda et al., 2003). To investigate the
molecular mechanism underlying human ES cell differentiation
into PPE cells, we performed detailed analyses of markers for
pluripotency, PPE competence, and PPE itself. Semi-quantitative
RT-PCR revealed that the PPE competence genes (TFAP2A, GATA3
and DLX5), and the PPE genes (SIX1) were hardly detectable in
undifferentiated human ES cells (Fig. 3A). In human ES cells
cultured in SF medium, the expression of TFAP2A, GATA3 and
DLX5 was greatly increased at day 5 and was maintained at high
levels through day 8 (Fig. 3A). In contrast to the early induction of
PPE competence genes, robust SIX1 expression was detected only
at day 8 (Fig. 3A).
We next performed qPCR to quantify the dynamic change of
gene expression during differentiation. As implicated from RT-PCR,
the most dramatic increases in the transcription of TFAP2A, GATA3,
and DLX5 were found between day 3 and day 5, and their strong
expression persisted until day 8 (Fig. 3B). By contrast, although
low levels of SIX1, EYA1, and EYA2 transcripts were detected at day
5, expression of these genes exponentially increased between day
5 and day 8 (Fig. 3C). DACH1, which is broadly expressed across
the surface ectoderm including the placode progenitors (Purcell
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regulate target gene expression (Ikeda et al., 2002; Li et al., 2003).
Its expression level was progressively increased from day 3 to 8
(Fig. 3C). Therefore, the PPE competence genes are strongly
expressed at day 5 preceding the induction of deﬁnitive PPE
markers, and the latter peak at day 8 during human ES cell
differentiation.
Finally, we performed immunocytochemistry to gain insight
into the gene expression in situ. As expected, the level of expres-
sion and the number of positive cells for the pluripotency marker
OCT4 and NANOG decreased precipitously from day 0 to day 5
(Fig. 3D and data not shown). In agreement with the RT-PCR
results, scattered TFAP2A+ cells were initially detected in day
3 culture but strong expression of TFAP2A was found in most of
the cells by day 5 (93.475.0%; Fig. 3E). Cells positive for GATA3
and DLX5 were rarely detected at day 3, but they became
abundant at day 5 (69.777.0% and 53.576.7% respectively;
Fig. 3F and G). Co-localization analyses revealed that almost all
the DLX5+ cells co-expressed TFAP2A and GATA3 (100% and 96.6%
respectively; Fig. 4D).
In summary, our results show that the differentiating human ES
cells ﬁrst acquire the PPE competence state before establishing the
deﬁnite PPE identity similar to the in vivo development of the PPE.
BMP signaling is transiently required for establishing the PPE-
competent non-neural ectoderm
Genetic studies in zebraﬁsh and frog embryos demonstrate that
BMP signaling plays instructive roles in the induction of the PPE
competence genes (Kwon et al., 2010; Pieper et al., 2012). Based on
the gene expression proﬁle, we postulate that the differentiating
human ES cells acquire the PPE competence between day 3 and
day 5. To determine whether the formation of human ES cell-
derived PPE cells are also dependent on the BMP signaling path-
way, we added recombinant BMP4 ligand or NOGGIN (NOG)
protein, an extracellular antagonist of BMP ligands (Zimmerman
et al., 1996) between day 3 and day 5 (Fig. 4A). qPCR analyses
showed that the addition of BMP4 (20 ng/ml) signiﬁcantly
induced, whereas NOG (300 ng/ml) markedly suppressed, the
transcription of ID1, a readout gene of BMP signaling (Hollnagel
et al., 1999) (Fig. 4B). Adding BMP4 had marginal or no effect on
the transcription of TFAP2A, GATA2, GATA3, DLX3, and DLX5 at day 5
(Fig. 4C). By contrast, adding NOG almost completely abolished the
transcription of all the PPE competence genes tested (Fig. 4C).
Moreover, few TFAP2A+, DLX5+, or GATA3+ cells were found in
NOG-treated cultures at day 5 (Fig. 4D). Finally, the NOG treatment
resulted in a great reduction in the number of SIX1+ cells and the
levels of SIX1, EYA2, and TFAP2A transcripts at day 8 (Fig. 4E and F).
These results collectively demonstrate that BMP signaling is
essential for the development of the PPE competence and ulti-
mately PPE cells. Compared with the control, the NOG treatment
led to signiﬁcant increase in the level of HES5, and moderate
elevation of SOX10 (Fig. 4G), indicating that blocking BMP between
day 3 and day 5 induces neural and neural crest cells in our
cultures.
Interestingly, treatment with BMP4 at different dosages (20, 50,
and 150 ng/ml) from day 3 to day 5 reduced the levels of SIX1,
EYA2, and TFAP2A expression, as well as the number of SIX1+ cells
at day 8 (Fig. 4E, F, and data not shown, compared with Fig. 1C–F).
As expected, addition of BMP4 inhibited the expression of neural
and neural crest markers (Fig. 4G). Therefore, although BMP
signaling is essential for PPE induction, excess BMP activity has
negative effect on the production of PPE cells in human ES cells
cultures. We thus hypothesized that PPE differentiation of human
ES cells in the SF medium may be regulated by endogenous BMP
signaling. To test this hypothesis, we examined the expression ofvarious components in the BMP signaling pathway during differ-
entiation. None of the BMP inhibitors, NOG, CHORDIN, and FOLLIS-
TATIN, was detected in the culture from day 0 to day 8 (data not
shown). For BMP ligands, we detected BMP4, but not BMP2 and
BMP7 using RT-PCR (data not shown). qPCR analyses showed that
the level of BMP4 transcripts was gradually increased from day
4 to day 8 (Fig. 4H). Interestingly, the bimodal BMP regulator
BMPER, which acts as a feedback regulator to control placodal
ectoderm development (Esterberg and Fritz, 2009), was found
signiﬁcantly up-regulated from day 4 to day 8 coincident with the
increase of BMP4 (Fig. 4H). GDF3, which encodes an antagonist of
BMP4 and is essential for human ES cell pluripotency (Levine and
Brivanlou, 2006), was highly expressed in undifferentiated human
ES cells and progressively reduced from day 4 to day 8 (Fig. 4H).
Robust expression of BMP receptor genes BMPR1A, BMPR1B, and
BMPR2 was detected in the cultures from day 0 to day 8 by RT-PCR
(data not shown). qPCR analyses revealed that expression of
selected BMP receptors, BMPR1B and BMPR2, were up-regulated
at day 8 (Fig. 4I). Coinciding with the gradual increase of BMP
agonist (BMP4) and reduction of BMP antagonist (GDF3), the
expression of ID1 was gradually increased from day 2 to day 8
(Fig. 4J). This data suggests that there is endogenous BMP signaling
in the differentiating human ES cells, and that a progressive
increase of endogenous BMP activity largely coincides with the
establishment of the PPE competence state.
In summary, we demonstrate that endogenous BMP signaling is
essential for the induction of PPE cells from human ES cells using
adherent cultures under SF condition.
Late BMP inhibition induces anterior placodal ectoderm
Manipulations of BMP signaling level by genetic and pharma-
cological approaches suggest that formation of the PPE requires
an inhibition of BMP signaling (Ahrens and Schlosser, 2005;
Esterberg and Fritz, 2009; Kwon et al., 2010; Litsiou et al.,
2005). We therefore explored conditions for directed differentia-
tion of the human ES cell-derived PPE by changing BMP signaling
at late stages. We ﬁrst tested the effect of blocking BMP signaling
by adding NOG (300 ng/ml) from day 6 to day 9 when the
cultures clearly established PPE competence. In contrast to the
inhibition of the BMP at the earlier stage, adding NOG after day
5 did not abolish SIX1+ cells (data not shown). To further examine
the effect of BMP blockade in our cultures, we explored the use of
the small molecule inhibitor LDN193189 (LDN), which suppresses
BMP signaling at the receptor level and is used as a cost-effective
alternative of BMP inhibitors (Kriks et al., 2011). Addition of LDN,
similar to NOG, signiﬁcantly reduced the expression of ID1
(Fig. 5A compared to Fig. 4B). Applying LDN from day 6 to day
9 had little effect on the percentage of SIX1+ cells in the cultures
at day 9 compared with cultures receiving only DMSO (Fig. 5C).
Interestingly, qPCR analyses revealed that adding LDN caused a
slight overall reduction of the SIX1 transcription (Fig. 5B), sug-
gesting that BMP inhibition reduces SIX1 transcription per cells,
but not the number of SIX+ cells. To test whether inhibition of
BMP might cause PPE cells to acquire regional identity, we
examined the expression of markers for the anterior and poster-
ior placodal ectoderm. Pax6 is expressed in the anterior placodal
ectoderm that gives rise to the lens, the olfactory and the anterior
pituitary placodes (Aota et al., 2003; Christophorou et al., 2009;
Donner et al., 2007), while Pax3 is expressed in the trigeminal
placode precursors (Baker et al., 1999). Compared with the
control, LDN treatment resulted in signiﬁcant increase in the
transcript expression of PAX6 and PAX3, but not the posterior
placode marker PAX2 (Fig. 5B). Immunocytochemistry conﬁrmed
that adding LDN signiﬁcantly enhanced the percentage of PAX6+
(46.8% vs. 6.9% in controls) and PAX3+ cells (18.8% vs. 1.3% in
Fig. 4. Endogenous BMP signaling is essential for the production of PPE cells in adherent culture of human ES cells. (A) Schematic representation of the manipulations of
BMP signaling during human ES cell differentiation. (B) qPCR analysis ID1 expression in day 5 cultures. (C) Semi-quantitative RT-PCR of selected genes in day 5 cultures.
(D) Immunoﬂuorescence of day 5 cultures without (Ctrl) or with 300 ng/ml NOGGIN (NOG) treatment. (E) Immunoﬂuorescence for SIX1 in day-8 cultures treated with 20 ng/
ml BMP4 or 300 ng/ml NOGGIN. (F-J) Relative expression levels of PPE (F), neural/neural crest (G), extracellular BMP ligand/regulator (H), BMP receptor (I), and the BMP
target ID1 (J) transcripts examined by qPCR. Expression data were presented in log scales, and generated from three independent biological replicates. Error bars are S.E.
Increasing amount of BMP4 ligands (20, 50, 150 ng/ml) as indicated by the wedged shaped bar in F and G. Asterisks indicate signiﬁcant differences (po0.05, ANOVA test).
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Fig. 5. Attenuation of BMP is essential for differentiation of the anterior placodal ectoderm. (A and B) qPCR analyses of ID1 (A) and placodal ectoderm genes (B) in day
9 cultures treated with DMSO or LDN193189 from day 6 to day 9. (C) Histogram of the percentage of cells positive for SIX1, PAX6, or PAX3 in day 9 cultures with DMSO or
LDN193189 treatment from day 6 to day 9. (D-I) Immunoﬂuorescence of day 9 cultures with the indicated antibodies. Arrowheads show induction of PAX6 or PAX3 in SIX1+
cells; arrows denote the co-localization of PAX6 with DLX5 or ECAD; asterisks indicate signiﬁcant differences (po0.05, t-test).
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majority of PAX6+ and PAX3+ cells co-expressed SIX1 (90% and
70% respectively; Fig. 5D–G), indicating that they were PPE
derivatives. To conﬁrm that the SIX1+/PAX6+ cells indeed repre-
sented the anterior placodal ectoderm (APE), we performed
immunocytochemistry for DLX5, which is co-expressed with
PAX6 in the lens and olfactory progenitors (Bhattacharyya et al.,
2004; Bhattacharyya and Bronner-Fraser, 2008). We found that
the majority of PAX6+ cells co-expressed DLX5 in the cultures
with LDN treatment (Fig. 5H). Finally, we showed that these
PAX6+ cells also expressed ECAD conﬁrming that they were not
derived from cells of the neural plate (Fig. 5I). Altogether, our
results demonstrate that although BMP signaling is essential for
the PPE competence, blocking BMP signaling after the establish-
ment of PPE competence promotes differentiation of PPE cells
into APE cells.
BMP signaling is required to induce lens placodes
We next explored conditions to direct differentiation of the
human ES cell-derived PPE cells. It has been shown that, regardless
of their anterior or posterior positions, PPE explants from chick
embryos produce lens precursor cells under neutral differentiationconditions (Bailey et al., 2006). We tested if prolonged cultures of
human ES cells in the SF media could result in the induction of
lens cells. Under the SF condition, human ES cells could survive up
to 18 days before massive cell death occurred (data not shown).
Remarkably, prolonged culture of the human ES cell-derived PPE
cells in the SF media resulted in high levels of FOXE3 and PAX6,
which are normally expressed in the lens placode (Blixt et al.,
2000; Donner et al., 2007), at differentiation day 18 (Fig. 6A),
suggesting that the human ES cell-derived PPE cells are able to
spontaneously generate lens cells. However, no induction of alpha-
A crystalline (CRYAA), a more mature and deﬁnitive lens placode
marker, was detected (data not shown). By contrast, continued
culture of the putative APE cells that were generated by transient
LDN treatment consistently resulted in expression of FOXE3 and
CRYAA as early as day 13 (see below). These results suggest that the
human ES cell-derived APE cells may be more suitable than the
uncommitted PPE cells to generate lens cells.
It has been demonstrated that BMP4 activity is required for lens
induction in mouse and chick embryos (Furuta and Hogan, 1998;
Gunhaga, 2011). We thus postulated that addition of exogenous
BMP4 proteins after formation of APE cells would promote the
production of the lens cells, whereas continuous blockade of BMP
signaling with LDN would suppress lens cell production (Fig. 6B).
Fig. 6. Differentiation of APE cells by manipulating BMP and hedgehog signaling. (A) Semi-quantitative RT-PCR of day 0, 8, and 18 cultures under SF condition. (B) Conditions
to examine the role of BMP signaling in the induction of lens placode. (C) RT-PCR analysis of markers for lens placode. (D) Schematic presentation of conditions to examine
the role of BMP and hedgehog signaling in the differentiation of APE cells. (E) qPCR analysis of selected genes in day 13 cultures. Asterisks indicate statistical signiﬁcant
difference (po0.05, ANOVA test) from the control (Ctrl). Abbreviations: LDN, LDN193189; CP, cyclopamine; Pur, purmorphamine. (F) Immunoﬂuorescence for FOXE3 and
PAX6 on day 13 cultures. Note that cells co-expressing FOXE3 and PAX6 were clustered together to form rosette like structures demarcated by dashed lines. (G and H) Bright-
ﬁeld images of lens placode cell structures (asterisks) observed at day 14 (G) and day 22 (H). Dashed lines in panel H highlight the separation of the lens-like structures from
the surrounding cell monolayer.
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FOXE3 and CRYAA expression than those in the control without
BMP4 at day 13 (Fig. 6C). On the other hand, continuous LDN
treatment from day 6 greatly inhibited the induction of FOXE3 and
CRYAA (Fig. 6C). In the presence of BMP4, APE cells produced
spherical and elevated clusters with a diameter of 100–200 mm by
day 13 (Fig. 6F–G). Remarkably, these clusters were exclusively
composed of cells that were positive for both FOXE3 and PAX6 cells
(Fig. 6F), reminiscent of the embryonic lens placode cells (Blixt et al.,
2000; Donner et al., 2007; Purcell et al., 2005).
To further differentiate the lens primordia induced from APE cells,
we cultured them in medium containing bovine vitreous humor
(Schulz et al., 1993) and WNT/FGF proteins (Yang et al., 2010), which
are known to promote lens differentiation (Fig. S1A). In the presence
of vitreous humor, lens primordia developed into elevated structures
with clear separations from the adjacent monolayer (Fig. 6H). To test
whether these lens primordia can form 3-dimensional structuressimilar to the in vivo lens, we detached and cultured them in
suspension. Within 24 h, the original concaved sheet of tissues folded
and transformed into spheres frequently containing multiple internal
vesicles (Fig. S1B). Histological analyses revealed that the outer
epithelial layers co-expressed PAX6 and CRYAA (Fig. S1C) and were
enclosed by a thick layer of extracellular matrix displaying laminin
immunoreactivity (Fig. S1D), resembling the organization of the lens
epithelium and the lens capsule in vivo. Pax6 expression is normally
down-regulated during lens ﬁber differentiation and Cryaa is con-
tinuously expressed in lens ﬁber cells. However, only few PAX6–/
CRYAA+ cells were detected in the spheres, suggesting that our
culture system did not allow efﬁcient lens ﬁber differentiation. As
expected, expression of lens differentiation markers CRYGC, BSFP2,
and GJA8 was not induced (Fig. S1E). Interestingly, markers for
corneal precursors (KRT15) and corneal epithelium (KRT3) were
consistently detected (Fig. S1E), suggesting induction of the corneal
tissues.
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for the induction of lens placodes from human ES cell-derived
APE cells.Hedgehog signaling regulates the differentiation of the lens placode
and oral ectoderm from human ES cell-derived APE cells
During embryogenesis, the APE further differentiates into the
lens, the olfactory and the anterior pituitary (Baker and Bronner-
Fraser, 2001; Grocott et al., 2012; Schlosser, 2006). The development
of the APE is regulated by hedgehog signaling. It has been shown
that elevated hedgehog signaling suppresses lens formation and
enhances pituitary induction in zebraﬁsh and amphibian embryos
(Cornesse et al., 2005; Treier et al., 2001). Conversely, reduced
hedgehog signaling in embryos can lead to expansion of the lens
territory (Zilinski et al., 2005). To examine if the human ES cell-
derived APE cells are multipotent and their differentiation can be
manipulated by altering hedgehog signaling, we challenged them
with cyclopamine or purmorphamine, which blocks and activates
hedgehog signaling respectively (Sinha and Chen, 2006; Taipale
et al., 2000) (Fig. 6D). In the presence of cyclopamine (1 mM), there
was progressive increase in the expression of FOXE3 and CRYAA
from day 9 to day 13 (data not shown). Although BMP4 alone was
sufﬁcient to promote FOXE3, combined treatment of BMP4 with
cyclopamine led to more consistent increase in FOXE3 and CRYAA
expression as measured by qPCR (Fig. 6D, E). Strikingly, addition of
purmorphamine (2 mM) abolished expression of lens markers FOXE3
and CRYAA, but resulted in 20–100 fold increase in the expression of
PITX1 and PITX2, markers for the oral ectoderm (Fig. 6E). Therefore,
in agreement with the in vivo studies, we found that hedgehog
signaling plays an important role in the differentiation of the
human ES cell-derived APE cells. Inhibition of hedgehog facilitatesFig. 7. Generation of placode derived sensory neurons from human ES cells. (A-C) Imm
indicated in the images. Note that the ES-derived TuJ1+ neurons (arrows) express marke
characteristic of placode-derived neurons, such as SIX1 and CK8. (D-K) Immunoﬂuoresc
olfactory (D, H), the trigeminal (E, I), and the otic (F, J) placode expressed both Six1 an
ganglia (G, K) only expressed Six1 but not CK8. Abbreviations: of, olfactory epithelium;
tube; drg, dorsal root ganglion.the differentiation of lens placodes, while activation of hedgehog
signaling promotes oral ectoderm at the expense of the lens cells.
These results demonstrate the multipotency of the PPE cells in vitro.Differentiation of sensory neurons from human PPE cells
The PPE contains progenitors for sensory neurons populating
multiple cranial ganglia. We investigated whether the human ES
cell-derived PPE cells have the potential to generate peripheral
sensory tissues. Using a novel method combining suspension and
adherent cultures, we coerced the human ES cell-derived PPE cells
to generate TuJ1+ bipolar cells that also expressed BRN3A and
peripherin, which are used as markers for peripheral sensory
neurons (Mizuseki et al., 2003) (Fig. 7A and B). Sensory neurons
derived from neural crest and placode display many similar
molecular characters and both express Brn3a and peripherin. It
has been shown that human olfactory/otic placode-derived neu-
rons display cytokeratin immunoreactivity (Okabe et al., 1997),
suggesting that CK8 can be used as a marker to distinguish these
two types of sensory neurons. Indeed, immunoﬂuorescence ana-
lyses showed that CK8 was speciﬁcally expressed in placode-
derived sensory neurons in the olfactory, the trigeminal, and the
otic placodes, but not in neural crest-derived neurons in the dorsal
root ganglia of mouse embryos (Fig. 7D K). To conﬁrm the ES cell-
derived sensory neurons were originated from PPE, we performed
co-localization analysis for TuJ1, SIX1 and CK8. Signiﬁcantly, the
human ES cell-derived TuJ1+/SIX1+ bipolar neurons displayed CK8
immunoreactivity (Fig. 7C), demonstrating that these sensory
neurons are derived from PPE, but not from neural crest cells.
Altogether, we develop a novel method to generate peripheral
sensory neurons from human ES cells. Furthermore, our resultsunoﬂuorescence analysis of placode-derived sensory neurons. Antibodies used are
rs for peripheral sensory neuron markers BRN3A and peripherin as well as markers
ence on sections of E10.5 mouse embryo. Note that neurons (TuJ1+) (arrows) in the
d Ck8, whereas neural crest derived sensory neurons (asterisks) in the dorsal root
tg, trigeminal ganglion; ot, otic vesicle, cvg, cochleovestibular ganglion; nt, neural
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neurogenic potential.Discussion
In this study, we presented a differentiation protocol that allows
consistent and high yield (∼70%) production of human SIX1+ PPE
cells. To our knowledge, this study is the ﬁrst to characterize the
formation of PPE cells from human ES cells. We found that the
duration of the pre-differentiation period and the initial seeding cell
density signiﬁcantly impacted the cell yield and the outcome of the
differentiation, in line with previous ﬁndings (Chambers et al., 2009).
Our characterization of these pre-differentiation parameters and the
associated differentiation outcomes may facilitate future studies
using adherent cultures to achieve higher efﬁciency and consistency
of cell differentiation. Future studies should determine the molecular,
cellular, or mechanical basis for these basic and critical parameters.
This knowledge would help devise novel methodology for high-
efﬁciency human ES cell differentiation into speciﬁc cell lineages.
We found a striking similarity in the changes of developmental
competence and molecular progression between the differentiat-
ing human ES cells and their in vivo orthologs in animal models for
placodal ectoderm. For instance, BMP is required in both embryos
(Kwon et al., 2010; Pieper et al., 2012) and human ES cells (this
study) to establish the PPE competence. Moreover, the human PPE
competence state expresses the same set of factors featured in
other embryos (Kwon et al., 2010; Pieper et al., 2012). These
similarities may be rooted in the correct choice of the in vitro
differentiation method for PPE, the intrinsic potential of human ES
cells to respond and follow their endogenous differentiation
pathways, and the evolutionary conservation in developmental
routes across vertebrate species. Therefore, this cell model
may be useful in discovering new pathways and factors for PPE
development.
BMP signaling has been shown to induce formation of different
early cell types from human ES cells, including the extraembryonic
endoderm (Pera et al., 2004), the trophoblasts (Xu et al., 2002; Yu
et al., 2011), the mesoderm (Zhang et al., 2008), and the endoderm
(Teo et al., 2012). The diverse inductive function of BMPs may
result from the interplays between BMP and other extracellular
signaling. For instance, in the presence of FGF signals, BMP
activation promotes trophoblast induction rather than mesoderm
induction (Yu et al., 2011), whereas Activin signals cooperate with
BMP activation to promote endoderm induction (Teo et al., 2012).
Cellular competence is known to change rapidly in days during ES
cell differentiation (Harvey et al., 2010). BMP activation at a later
differentiation time point may have allowed efﬁcient induction of
non-neural ectoderm precursors instead of other lineages. Also,
we found that there are changing requirements of BMP signaling
during the formation and the subsequent differentiation of human
ES-derived PPE cells. Although blocking BMP activity abolishes
expression of PPE competence factors and PPE generation, apply-
ing BMP antagonists after competence gene induction did not
affect SIX1 and other PPE markers. This suggests that BMP works
within a narrow window to induce the PPE. Different from the
previous ﬁndings (Ahrens and Schlosser, 2005; Brugmann et al.,
2004; Kwon et al., 2010; Litsiou et al., 2005), we found that robust
expression of BMP4 and ID1 persisted in day-8 cultures when SIX1
and other PPE markers were induced (Figs. 1 and 4). There are
complex regulations of BMP signaling besides the expression
of BMP ligands, and ID1 expression may not necessarily represent
the actual BMP activity. Nevertheless, our ﬁndings raise the
possibility that BMP may be active during human PPE cell forma-
tion. Interestingly, we found that inhibition of BMP signaling
led to APE formation following by the formation of PPE, whilesubsequent activation of BMP4 promoted the APE to differentiate
into lens placode. We therefore conclude that during human PPE
cell formation and differentiation, there are changing require-
ments for BMP signaling.
An interesting ﬁnding of our study is the default differentiation
bias of human ES cells into the non-neural ectoderm lineage
including the PPE, under the “neutral” differentiation conditions
using a serum free differentiation medium (Yao et al., 2006). This
observation is in stark contrast to ﬁndings in the mouse ES cells,
which undergo neural differentiation in similar serum free differ-
entiation conditions (Ying et al., 2003). Although expressing the
same set of the core pluripotent factors, the signaling require-
ments for pluripotency maintenance and differentiation are
entirely different in ES cells for mouse and human (Pera and
Tam, 2010). It is conceivable that intrinsic differences in mouse
and human ES cells may have contributed to the decision of neural
versus non-neural lineages under ‘neutral’ differentiation condi-
tions. On the other hand, environmental factors such as cell–
matrix interactions may play an instructive role in driving speciﬁc
differentiation events. For example, upon differentiation, speciﬁc
extracellular matrix–cell surface receptor interactions could affect
the magnitude, the duration, and the interpretation of the growth
factor mediated signaling. Interestingly, Smith and colleagues
noted that mouse ES cells differentiating on laminin, a matrix that
is present with high content (50–60%, BD Bioscience website) in
Matrigel (the matrix used for human ES cells adherent differentia-
tion in this study), adopted non-neural ﬁbroblastic cell morphol-
ogies (Ying et al., 2003).Concluding remarks
Traditionally, ES cells have been used as a model for develop-
mental studies in areas related to early embryonic stages when
tissues are difﬁcult to access and obtain in large quantities
(Coucouvanis and Martin, 1999). Because of the ethical and
practical considerations of human embryo studies, development
of human ES cells as a tool to study differentiation of early human
cell types has become an attractive alternative. The fact that most
of the major ectoderm cell types can be derived from human ES
cells using a feeder-free adherent differentiation method suggests
that this method may be particularly suitable for ectoderm
differentiation. We propose that this in vitro cell model will be
useful for future research in the area of early human ectoderm
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